Most patients with acute promyelocytic leukemia (APL) express PML-RAR␣, the fusion product of t(15;17)(q22;q11.2). Transgenic mice expressing PML-RAR␣ develop APL with long latency, low penetrance, and acquired cytogenetic abnormalities. Based on observations that 4% to 10% of APL patients harbor oncogenic ras mutations, we coexpressed oncogenic K-ras from its endogenous promoter with PML-RAR␣ to generate a shortlatency, highly penetrant mouse model of APL. The APL disease was characterized by splenomegaly, leukocytosis, extramedullary hematopoiesis (EMH) in spleen and liver with an increased proportion of immature myeloperoxidase-expressing myeloid forms; transplantability to secondary recipients; and lack of cytogenetic abnormalities. Bone marrow cells showed enhanced self-renewal in vitro. This model establishes a role for oncogenic ras in leukemia pathogenesis and thus validates the oncogenic RAS signaling pathway as a potential target for therapeutic inhibition in leukemia patients. This mouse model should be useful for investigating signaling pathways that promote self-renewal in APL and for testing the in vivo efficacy of RAS signaling pathway inhibitors in conjunction with other targeted therapies such as ATRA (all trans retinoic acid) and arsenic trioxide. (Blood.
Introduction
Acute promyelocytic leukemia (APL) comprises 10% to 15% of all cases of adult acute myelogenous leukemia (AML). APL cases (Ͼ 90%) are associated with the t(15;17)(q22;q11.2), in which sequences of the promyelocytic leukemia (PML) gene are fused to those of retinoic acid receptor ␣ (RAR␣) to generate the PML-RAR␣ fusion protein. PML-RAR␣ expression is associated with impaired myeloid differentiation, due to increased affinity for the nuclear repressor protein complex (NcoR); alteration of chromatin structure by histone deacetylase (HDAC); and inhibition of transcription. 1 Treatment with all trans retinoic acid (ATRA) is a highly effective treatment strategy in APL and acts as a differentiating agent by promoting release of the NCoR/HDAC complex, thereby restoring normal transcription. Arsenic trioxide also has efficacy in treating relapsed or refractory APL. 2, 3 The PML-RAR␣ fusion protein is necessary, but not sufficient, for the development of AML, as demonstrated in studies with PML-RAR␣ transgenic mice [4] [5] [6] and murine bone marrow transplant (BMT) models with retrovirally transduced PML-RAR␣. 7 Transgenic mice expressing PML-RAR␣ under the control of the cathepsin G promoter develop asymptomatic myeloid hyperplasia, with a subset of these mice progressing to APL with a long latency of 9 to 12 months and penetrance of 15% to 30%. 4 Coexpression of the reciprocal RAR␣-PML and PML-RAR␣ cDNAs from the cathepsin G promoter in double-transgenic mice increases disease penetrance to approximately 60% but does not shorten latency. 8 A knock-in model in which PML-RAR␣ cDNA is expressed from the endogenous cathepsin G promoter causes APL with a penetrance of more than 90% but still requires a long latency of 6 to 16 months. 9 These data indicate that additional mutations are required for APL induction. Consistent with this notion, recurring, nonrandom cytogenetic abnormalities have been observed in PML-RAR␣ transgenic mice that progress to APL. [10] [11] [12] Oncogenic RAS mutations, present in 25% to 44% of patients with AML, are candidates for cooperating second mutations in leukemogenesis. Initial studies with small patient cohorts show that APL patients have coincident oncogenic RAS mutations. [13] [14] [15] Recently, 2 larger studies identified oncogenic N-RAS and K-RAS mutations in 4% of 97 APL patients 16 and in 10% of APL patients, respectively (8 of 146 [5. 17 In these studies, there were no differences between APL patients with or without oncogenic RAS mutations with regard to age upon diagnosis, presenting white blood cell (WBC) count, prognosis, or frequency of the M3 variant subtype. 16, 17 Conditional expression of oncogenic K-ras from its endogenous promoter in the mouse hematopoietic system results in a myeloproliferative disease but is not sufficient to cause AML. 18, 19 We tested the ability of oncogenic K-ras to cooperate with PML-RAR␣ in inducing APL in mice. We hypothesized that oncogenic ras would provide proliferative and/or cell survival signals and would cooperate with PML-RAR␣ mutation associated with impaired hematopoietic differentiation to generate an APL-like phenotype with increased proliferation and impaired hematopoietic differentiation. We hypothesized that mice expressing oncogenic K-ras and PML-RAR␣ would develop an APL-like disease with increased penetrance and decreased latency.
5%] N-RAS and 5 of 114 [4.4%] K-RAS).

Materials and methods
Mouse strains
LSL-K-ras G12D mice 20 were crossed to cathepsin G-PML-RAR␣ mice 4 to generate LSL-K-ras G12D ϩ/Ϫ /cathepsin G-PML-RAR␣ ϩ/Ϫ mice (KP mice). KP mice (in mixed BALB/c, C57BL/6, and 129Sv/Jae backgrounds) were crossed to Mx1-Cre mice 21 on a BALB/c background to generate tripletransgenic LSL-K-ras G12D ϩ/Ϫ /cathepsin G-PML-RAR␣ ϩ/Ϫ /Mx1-Cre ϩ/Ϫ mice (KPM mice) and control littermates in a mixture of BALB/c, C57BL/6, and 129Sv/Jae genetic backgrounds. To induce Cre expression, 4-to 7-week old mice received intraperitoneal injections of 250 g of polyinosinic-polycytidylic acid (pI-pC; Sigma-Aldrich, St Louis, MO) every other day for a total of 3 doses. All mice were maintained in microisolator cages with daily monitoring for evidence of disease. All experiments were conducted with the ethical approval of the Harvard Medical Area Standing Committee on Animals.
Molecular and biochemical analysis
Mice were genotyped by polymerase chain reaction (PCR) amplification of genomic DNA from tail tissue to identify the LSL-K-ras G12D allele, 20 cathepsin G PML-RAR␣ transgene, 4, 22 and Mx1-Cre transgene, 21 as previously described. Cre-mediated recombination of the LSL-K-ras G12D allele was verified by PCR amplification of DNA from mouse bone marrow, liver, and spleen, as well as from individual colonies from primary bone marrow methylcellulose cultures. 20 Wild-type and K-ras G12D proteins were detected by immunoprecipitation and Western blotting of spleen cell lysates as previously described, 23,24 using a Y13-259 agarose conjugate (Oncogene Research Products, Boston, MA) for ras immunoprecipitation, and polyclonal antibodies recognizing wild-type (G12) or oncogenic ras (D12; codon 12 glycine-to-aspartic acid mutation) for Western blotting (kind gift from Leisa Johnson).
Histopathology
Tissue sections (4 m) of mouse organs were processed for staining with hematoxylin and eosin solutions or immunohistochemical analysis for myeloperoxidase, as previously described. 18, 25 The samples were analyzed using an Olympus BX41 microscope with the objective lens of 40 ϫ/0.75 Olympus UPlanFL (Olympus, Melville, NY). The pictures were taken using Olympus QColor3 and analyzed with acquisition software QCapture v2.60 (QImaging, Burnaby, BC, Canada) and Adobe Photoshop 6.0 (Adobe, San Jose, CA).
Flow cytometric analysis
Spleen and bone marrow single-cell suspensions were prepared as previously described. 18 Antibodies used included allophycocyanin (APC)-conjugated Gr-1, fluorescein isothiocyanate (FITC)-conjugated Mac-1, and phycoerythrin (PE)-conjugated CD117 (c-Kit). A 4-color FACSCalibur cytometer (Becton Dickinson, Mountain View, CA) was used to acquire a minimum of 10 000 events. Data were analyzed with CELLQuest software. Myeloid progenitors were analyzed as previously described 26 Colony-forming activity, serial replating, and ATRA differentiation assays Primary bone marrow methylcellulose cultures were performed in 3 independent experiments using MethoCult GF M3434 media (StemCell Technologies, Vancouver, BC, Canada) containing 50 ng/mL murine stem cell factor (SCF), 10 ng/mL murine interleukin-3 (IL-3), 10 ng/mL human IL-6, and 3 U/mL human erythropoietin (EPO), or MethoCult GF M3231 from which SCF, IL-3, IL-6, and EPO were absent. Duplicate cultures containing 4 ϫ 10 3 to 1 ϫ 10 5 cells were harvested after 7 days. Individual colonies were harvested for Wright-Giemsa staining of cytospin preparations and for DNA samples. Serial replating assays were performed in 3 independent experiments with 10 4 cells replated in duplicate every 7 days in MethoCult GF M3434 for each round of replating. ATRA-induced differentiation assays with KPMϩ cells (from rounds 4 and 5 of serially replated methylcellulose cultures) were performed in 2 independent experiments. Duplicate cultures containing 10 4 KPMϩ cells in MethoCult GF M3434 media were grown in the presence or absence of 1 M ATRA (SigmaAldrich) and harvested after 5 days for Wright-Giemsa staining of cytospin preparations. Data shown are representative of 2 independent experiments.
Spectral karyotyping
Single-cell spleen suspensions from APL-diseased KPMϩ, KMϩ, and nondiseased KPϩ mice were cultured as described previously. Metaphase cell preparations, and spectral karyotyping analysis were performed as described previously. 11 A minimum of 10 metaphase cells was analyzed for each mouse.
Secondary transplantation experiments
Spleen cells were harvested from APL-diseased KPMϩ mice. After red blood cell lysis, cells were washed in phosphate-buffered saline (PBS), resuspended in Hanks balanced salt solution (Life Technologies, Bethesda, MD), and injected (10 6 or 10 7 spleen cells per mouse) into the lateral tail vein of sublethally irradiated (650 centi-Gray [cGy]) or lethally irradiated (2 ϫ 450 cGy) wild-type littermates. Mice were housed in microisolator cages with autoclaved chow and acidified water.
Results
Physiologic expression of oncogenic K-ras from its endogenous promoter in the hematopoietic system results in a completely penetrant, rapid onset myeloproliferative disease but is not sufficient to induce AML. 18, 19 These studies used conditional knock-in Lox-stop-lox (LSL)-K-ras G12D mice harboring an oncogenic K-ras allele containing a glycine-to-aspartic acid mutation at codon 12, whose expression is regulated by Cre-mediated excision of an upstream floxed transcriptional stop cassette ( Figure 1A ), 20 and Mx1-Cre mice that express Cre from an interferon ␣/␤-inducible Mx1 promoter in hematopoietic tissues. 21 
Generation of mice coexpressing oncogenic K-ras and PML-RAR␣ in the hematopoietic system
Conditional oncogenic K-ras (LSL-K-ras G12D) knock-in mice (K mice) 20 were bred to cathepsin G-PML-RAR␣ transgenic mice (P mice) 4 to generate doubly transgenic mice (KP mice), which were then crossed with Mx1-Cre (M) mice. 21 Four-to seven-week old progeny were treated with synthetic double-stranded RNA polyinosinic-polycytidylic acid (pI-pC) to generate experimental KPMϩ, KMϩ, KPϩ, PMϩ, Pϩ, and Kϩ mice ( Figure 1B ).
Oncogenic K-ras and PML-RAR␣ coexpression results in a short latency, high-penetrance, APL-like disease
As expected, control KPϩ (2 of 11), PMϩ (5 of 12), or Pϩ (8 of 20) mice developed APL-like disease with long latency (median, 170 days) and low combined penetrance (35%) ( Figure 1C ). By contrast, littermate KPMϩ mice coexpressing oncogenic K-ras and PML-RAR␣ developed APL-like disease with a penetrance of 69% (9 of 13 mice with APL; the remaining 4 of 13 mice had myeloproliferative disease) and a much shorter latency with a median survival of 39 days (P Ͻ .001, KPMϩ vs KPϩ, PMϩ and Pϩ controls by log-rank test; range, 22-63 days). All KMϩ mice developed myeloproliferative disease, with median survival of 36 days (P Ͻ .001, KMϩ vs KPϩ, PMϩ and Pϩ controls by log-rank test; range, 22-67 days). KPMϩ mice with APL had greater than or equal to 20% immature myeloid cells (blasts ϩ promyelocytes) in the spleen, in contrast to KPMϩ mice with myeloproliferative disease, KMϩ, nondiseased KPϩ, or Kϩ mice that had fewer than 20% immature myeloid cells ( Figure 1D ).
KPMϩ mice showed splenomegaly and leukocytosis (Table 1) . KPMϩ spleens were significantly enlarged (range, 840-2308 mg), compared to KMϩ spleens (270-1690 mg; P Ͻ .001 by MannWhitney test) and nondiseased KPϩ spleens (240-300 mg; P Ͻ .001 by Mann-Whitney test). KPMϩ mice with APL had significant leukocytosis, with a median WBC count of 181 ϫ 10 3 /L, compared to KMϩ mice with median WBC counts of 59 ϫ 10 3 /L Schematic of wild-type, LSL-K-ras G12D, and lox-K-ras G12D alleles, depicting K-ras exons 0, 1, and 2. Gene targeting to the endogenous K-ras locus generated the LSL-K-ras G12D allele, containing a floxed transcriptional termination codon upstream of an oncogenic mutation in codon 12 (glycine-to-aspartic acid) in exon 1. Cre recombinase-mediated excision of the stop cassette expresses the oncogenic lox-K-ras G12D allele. *G12D mutation. (B) Generation of LSL-K-ras G12D ϩ /PML-RAR␣ ϩ /Mx1-Cre ϩ mice and controls. Progeny of crosses between LSL-K-ras G12D ϩ /PML-RAR␣ ϩ and Mx1-Cre ϩ mice were treated with pI-pC to generate KPMϩ, KMϩ, KPϩ, PMϩ, Pϩ, and Kϩ mice. K indicates LSL-K-ras G12D; P, cathepsin G-PML-RAR␣; M, Mx1-Cre. ϩ indicates pI-pC treatment. (C) Kaplan-Meier comparative survival analysis of littermate KPMϩ, KMϩ, and control KPϩ, PMϩ, and Pϩ mice. Analysis was performed using large numbers of mice and littermate controls to minimize strain effects. Cumulative survival is plotted against days after treatment with pI-pC for KPMϩ (n ϭ and nondiseased KPϩ mice with median WBC counts of 4.4 ϫ 10 3 /L (P ϭ .002, KPMϩ vs KMϩ; P ϭ .001, KPMϩ vs KPϩ by MannWhitney tests). The leukocytosis in KPMϩ mice was due to an increase in the granulocyte population, with an increase in immature forms compared to KMϩ mice ( Figure 2 ). KPMϩ mice with APL and KMϩ mice were anemic, with comparable median hematocrit levels of 30% (P ϭ .001, KPMϩ vs KPϩ by Mann-Whitney test), but had normal platelet counts (Table 1) . Overall, the KPMϩ mice that developed APL had higher WBC counts than the KPMϩ mice with myeloproliferative disease but were not otherwise distinguishable on the basis of spleen weights, hematocrit levels, or platelet counts. Histopathological analysis was performed in age-matched mice (Figure 2 ). Kϩ spleens contained normal cellular constituents of the red and white pulp. Nondiseased KPϩ spleens showed mild mature myeloid hyperplasia as previously described. 4 KMϩ spleens showed increased extramedullary hematopoiesis (EMH) with expansion of red pulp by mature myeloid forms, consistent with a myeloproliferative disease. 18, 19 Of 13 KPMϩ spleens, 9 showed expansion of red pulp by myeloid cells, with an increased proportion of immature forms compared to KMϩ mice, most consistent with features of an acute leukemia (Figure 2 ). Immunohistochemical analysis of KPMϩ spleens confirmed an increased proportion of immature, myeloperoxidase (MPO)-expressing myeloid forms, similar to findings in other murine models of APL-like disease (inset, Figure 2 ). KPMϩ mice with APL had more intense MPO staining of mononuclear cells and a higher frequency of MPOϩ cells than negative control Kϩ mice. There was no MPO staining of mature neutrophils. In the remaining 4 of 13 KPMϩ cases examined, the splenic EMH was composed of predominantly mature granulocytic forms, similar to the myeloproliferative disease seen in KMϩ mice (data not shown). In KPMϩ mice with APL, the bone marrow also demonstrated an increased proportion of immature myeloid forms compared to KMϩ bone marrow (Figure 2 ). KPMϩ and KMϩ livers showed periportal and perivascular infiltration by mature myeloid forms (Figure 2 ). In addition to the dominant APL phenotype, KPMϩ mice also developed with lower penetrance the constellation of lymphomas, squamous papillomas of the ear, vulvo-vaginal/anal skin, or esophagus, and lung adenomas previously observed in KMϩ mice (data not shown and Chan et al 18 ) .
Flow cytometric analysis of spleen cells from KPMϩ mice with APL confirmed expansion of immature myeloid cells (Figure 3) . Normal mouse spleens have 5% to 6% Gr-1 ϩ /Mac-1 ϩ mature myeloid cells. KPMϩ, KMϩ, and nondiseased KPϩ spleens each showed expansion of mature myeloid cells with 23%, 37%, and 24% Gr-1 ϩ /Mac-1 ϩ cells, respectively. Only spleens from KPMϩ mice with APL had an increased percentage of immature myeloid cells, as evidenced by 14% Gr-1 Ϫ /c-Kit ϩ cells, compared with 3% Gr-1 Ϫ /c-Kit ϩ cells in KMϩ spleen. Flow cytometry of bone marrow cells from KPMϩ mice with APL showed a more subtle expansion of immature Gr-1 Ϫ /c-Kit ϩ myeloid cells, compared to KMϩ and nondiseased KPϩ bone marrow (Figure 3 ).
Myeloid progenitor analysis
In the bone marrows of KPMϩ mice with APL, there was an increase in the percentage of granulocyte-monocyte progenitors (GMPs) and a decrease in the percentages of common myeloid progenitors (CMPs) and megakaryocyte-erythrocyte progenitors (MEPs) (relative to the total bone marrow cell count), compared to control Mϩ bone marrow (Figure 4 ). Within the c-Kit ϩ /Sca-1 Ϫ population of myeloid progenitors, there was an increase in the relative proportion of GMPs in KPMϩ, KMϩ, and nondiseased KPϩ bone marrow, compared with control Mϩ bone marrow.
In the Mϩ normal mouse control, MEPs comprise the major steady state myeloid progenitor population in the spleen. KPMϩ, KMϩ, and nondiseased KPϩ spleens each showed increased percentages relative to the total splenocyte count and increased absolute numbers of CMP, GMP, and MEP populations ( Figure 4 and data not shown) relative to control Mϩ spleen, reflecting increased EMH. Within the myeloid progenitor (c-Kit ϩ /Sca-1 Ϫ ) population, there was a proportional increase in GMPs and a proportional decrease in MEPs. However, there were no significant differences in the percentages of myeloid progenitor populations between KPMϩ, KMϩ, and nondiseased KPϩ spleens (Figure 4) . In summary, expression of oncogenic K-ras or PML-RAR␣ alone in nonleukemic KMϩ and KPϩ mice coincides with an increase in the GMP population, but leukemic transformation in KPMϩ mice is not accompanied by significant changes in the distribution of myeloid progenitors.
Oncogenic K-ras expression
Cre-mediated excision of the stop cassette to generate the lox-Kras G12D allele was verified by PCR analysis of genomic DNA from bone marrow, liver, and spleen ( Figure 5A ). DNA from KPMϩ and KMϩ tissues yielded the PCR product corresponding to the lox-K-ras G12D allele. Additional PCR analysis of genomic DNA samples confirmed the presence of the PML-RAR␣ transgene in KPMϩ and KPϩ tissues ( Figure 5A ). Oncogenic K-ras protein expression in KPMϩ and KMϩ spleens was confirmed by Western blotting of anti-ras immunoprecipitates ( Figure 5B ).
Colony-forming unit activity and ATRA differentiation
Primary bone marrow methylcellulose cultures were performed in which KPMϩ, KMϩ, or nondiseased KPϩ bone marrow readily formed colonies in the presence of growth factors (IL-3, IL-6, SCF, and EPO; Figure 6A ). In the absence of growth factors, nondiseased KPϩ bone marrow did not form colonies. However, both KMϩ and KPMϩ bone marrow formed growth factor-independent colonies ( Figure 6A ), suggesting that expression of oncogenic K-ras provided a proliferation signal that bypassed the requirement for growth factors normally required for colony formation. KPMϩ, KMϩ, and nondiseased KPϩ primary bone marrow methylcellulose cultures in the presence of growth factors generated each of the expected colony types. KMϩ bone marrow cultures gave the expected distribution of burst-forming unit-erythroid (BFU-E), colony-forming unitgranulocyte/monocyte (CFU-GM), and colony-forming unitgranulocyte/erythrocyte/monocyte/megakaryocyte (CFU-GEMM) colonies, with a tendency toward generating colony-forming unit-monocyte (CFU-M) colonies ( Figure 6D and Chan et al 18 ) . By contrast, KPMϩ and nondiseased KPϩ bone marrow methylcellulose cultures yielded a preponderance of colony-forming unitgranulocyte (CFU-G) colonies ( Figure 6D) .
In control experiments, PCR reactions on genomic DNA prepared from individual methylcellulose colonies (grown in the presence of growth factors) verified the presence of the activated lox-K-ras G12D allele, corresponding to excision of the stop cassette and activation of the oncogenic K-ras allele in KPMϩ and KMϩ, but not KPϩ, colonies ( Figure 6C ). In the KPMϩ and KMϩ methylcellulose cultures, the Cre excision efficiency was 100% (n ϭ 20 colonies each; Figure 6C and data not shown).
ATRA-differentiation assays were performed in vitro using pooled cells derived from rounds 4 and 5 of serially replated KPMϩ bone marrow methylcellulose cultures ( Figure 6E ). In the absence of ATRA, most KPMϩ cells maintained the immature blastic/promyelocytic morphology, as also observed in other mouse models of APL. 4, 5, 8 Mature myeloid cells arising from spontaneous differentiation were rarely observed. In the presence of ATRA, KPMϩ cells readily differentiated into mature myeloid cells, without evidence of proliferation ( Figure 6E ). 
Serial replating activity
KPMϩ cells showed a striking difference in phenotype in serial replating assays. When cells from the primary bone marrow methylcellulose cultures were serially replated, KMϩ and nondiseased KPϩ cells had normal serial replating activity; that is, they did not form any colonies beyond round 3 of replating ( Figure 6B ). By contrast, KPMϩ bone marrow cells readily replated, forming more than 400 colonies on rounds 6 through 12 and more of replating ( Figure 6B and data not shown). In additional experiments, bone marrow from PMϩ and Pϩ mice that developed APL with a long latency of 182 and 191 days, respectively, exhibited growth factor-independent colony forming activity and enhanced serial replating activity (data not shown). These results suggest that immortalization and/or enhanced self-renewal properties are conferred by the cooperative effects between oncogenic K-ras and PML-RAR␣ but not by either oncogene alone.
Transplantation assays
In consonance with the findings in the serial replating assays, the APL-like disease from KPMϩ mice was transplantable into secondary recipient mice using the criteria of injecting 10 6 spleen cells into the tail veins of sublethally irradiated recipient mice. Of 15 sublethally irradiated, wild-type littermate secondary recipient mice that received transplants of 10 6 KPMϩ spleen cells, 10 died with an APL-like disease, with median survival of 84 days (range, 42-114), average spleen weight of 950 mg, and average WBC count of 152 ϫ 10 3 /L (data not shown). Of nine lethally irradiated, wild-type littermate secondary recipient mice that received transplants of 10 7 KPMϩ spleen cells, all died with the APL-like disease with median survival of 75 days (range, 69-91), average spleen weight of 1300 mg, and average WBC count of 139 ϫ 10 3 /L. In contrast, we have previously reported that the KMϩ myeloproliferative disease is not transplantable into secondary recipients 18 and also that spleen cells from nondiseased cathepsin G-PML-RAR␣ mice do transplant the APL-like disease but only with a long latency (Ͼ 180 days) and low penetrance. 22 
Spectral karyotyping
Analysis of spleen cells from KPMϩ mice with APL (n ϭ 4) revealed a normal karyotype in all cases. This contrasts with previous findings of recurring chromosomal abnormalities in the long-latency, low-penetrance models of APL expressing PML-RAR␣ alone 10, 11 and the short-latency, high-penetrance retroviral transduction APL models of PML-RAR␣ ϩ activated FLT3 or PML-RAR␣ ϩ BCL2. 11, 12, 27, 28 These data suggest that expression of oncogenic K-ras alone from its endogenous promoter may subserve requirements for acquisition of additional mutations for leukemia development in this model. As expected from previous studies, there was no evidence of clonal karyotypic abnormalities in KMϩ mice (n ϭ 1) or nondiseased KPϩ mice (n ϭ 3). 10, 11, 19 
Discussion
Conditional expression of oncogenic K-ras from its endogenous promoter cooperates with PML-RAR␣ in mice to induce a rapid-onset and highly penetrant, lethal APL-like disease. There are several interesting and novel features of this disease phenotype. Oncogenic K-ras expression is capable of conferring factorindependent colony outgrowth but is incapable of conferring selfrenewal potential when expressed alone. However, coexpression of oncogenic K-ras and PML-RAR␣ engenders an APL phenotype characterized by enhanced self-renewal potential of hematopoietic progenitors, including serial replating activity in the absence of stroma, and serial transplantability into secondary recipient mice, whereas neither allele alone has this capacity. These findings indicate that cooperation between alleles is requisite for generation of leukemia cells with self-renewing potential and provide tools for assessing the translational and posttranscriptional regulatory mechanisms that activate these pathways. These findings also provide strategies for prospective identification and purification of the elusive and enigmatic "leukemia stem cell" activity in APL. 29 In all other published murine models of APL, a spectrum of karyotypic abnormalities are identified with variable frequencies that include del(2), trisomy 15, trisomy 8, trisomy 10, and ϪX/ϪY. [10] [11] [12] 27, 28 The variability between reports may be related to differences in the models (eg, MRP8 vs cathepsin G promoter) or in the method of karyotypic analysis. Specifically, in the cathepsin G-PML-RAR␣ model of APL, the most frequently observed chromosomal abnormalities are monosomy 11,ϪX/ϪY, trisomy 6, trisomy 15, and del (2) . The frequency of these chromosomal abnormalities is significantly increased in APL cells from mice coexpressing both PML-RAR␣ and the reciprocal fusion protein RAR␣-PML, notably ϪX/ϪY, trisomy 15, and del(2). 10 By contrast, no karyotypic abnormalities could be identified in the APL induced by expression of oncogenic K-ras from its endogenous promoter and PML-RAR␣. There are several potential explanations, including the possibility that physiologic expression of oncogenic K-ras may subserve requirements for second mutations. Alternatively, there may be subcytogenetic abnormalities that contribute to phenotype. However, the characteristic 2p deletions in which loss of function of PU.1 has been implicated in disease progression in mice 30 were not observed, suggesting that oncogenic K-ras expression may phenocopy loss of PU.1 in this model of disease.
There are several differences between this model of cooperativity in APL and others that have been reported. 22, 27, 28 These differences may be due in part to use of alleles that serve as pathway surrogates rather than known APL disease alleles (such as overexpression of BCL-2) or to the use of retroviral transduction of APL disease alleles like FLT3-ITD, in which retroviral integration site effects and aberrant dysregulated expression of FLT3-ITD may ensue. This model of APL is the first in which a known cooperating allele is expressed from its endogenous promoter. It is likely that analysis of transformation and assessment of various targeted therapeutic strategies, as discussed briefly below, will benefit from use of accurate models of disease based on physiological expression of disease alleles. Further improvements in the model could include the use of FLT3-ITD conditional knock-in alleles, similar to the oncogenic K-ras expression strategy used here and expression of PML-RAR␣ in a cathepsin G knock-in model that has been described. 9 Through use of model systems in which oncogenic K-ras is expressed from its endogenous promoter, detailed biochemical characterization of the activation state of ras downstream effectors in KPMϩ cells may yield insights into additional candidate proteins to target for drug development. Ras activates multiple downstream effectors, including the Raf/MEK/ERK, RalGEF, and PI3-kinase/AKT pathways. Selective mutation of the ras effector domain (residues 32-40) can disrupt binding and activation of individual effector pathways 31, 32 with differential effects on cellular transformation. 33, 34 Analysis of conditional oncogenic K-ras effector domain mutant knock-in alleles, such as T35S (Raf pathway activation), E37G (RalGEF activation), and Y40C (PI3 kinase activation), in cooperation with PML-RAR␣, may be a fruitful approach to evaluate the importance of these ras effector pathways in promoting APL. More expansively, a comparative analysis of global patterns of gene and protein expression in KPMϩ (APL) versus KMϩ (myeloproliferative disease) cells will promote our understanding of molecular mechanisms of acute myeloid leukemogenesis.
This mouse model of APL validates oncogenic RAS and the RAS signaling pathway as important targets for therapeutic inhibition in patients with AML. Previous mouse models also have underscored critical contributions of oncogenic ras in the pathogenesis of adenocarcinomas of the lung, 20, 24, 35, 36 pancreas, 37, 38 and ovary. 39 While awaiting the development of pharmacological agents that specifically target ras proteins, currently available inhibitors of ras downstream signaling (MEK inhibitors, PI3 kinase/AKT pathway inhibitors) and ras posttranslational modifications (eg, farnesyltransferase, geranylgeranyltransferase, or isoprenylcysteine carboxylmethyltransferase inhibitors) may be tested for their therapeutic efficacy in these mouse models of cancer. 40, 41 Currently, MEK inhibitors and farnesyltransferase inhibitors are being tested in phase 1 and phase 2 clinical trials in myeloid leukemias. 40, [42] [43] [44] Treating the APL-like disease in KPMϩ mice with ras signaling pathway inhibitors alone and in combination with ATRA or arsenic trioxide may reveal promising novel therapeutic strategies for patients with APL.
